HIV integrase (HIV-IN), one of three HIV enzymes, is a target for the treatment of AIDS, but the full biological assembly has been difficult to characterize, hampering inhibitor design.
Introduction
with bound 19-bp vDNA fragments 30 and host DNA 31 were a major breakthrough, revealing a tetramer of two dimers that each contribute one active site. The active sites of the two inner vDNA-binding subunits ( Figure 1A ) are correctly spaced to insert the two vDNA ends four base pairs apart in the host DNA. This spacing appears to be determined by the CTD and the L1 and L2
linker regions. Both the 3 ¢ -processing and strand-transfer reactions occur within the crystal, and the structures of ground states have been trapped along the reaction pathway. 32 The PFV-IN crystallographic structures, however, may not fully represent the biologically active assembly in solution. About one quarter of the total protein is missing in the crystal; only the In the HIV NTD-CCD structure 3F9K, 16 L1 (pink) lies in a groove on the surface of the CCD (dark gray) and connects to the adjacent NTD (purple), creating a compact structure. In PFV-IN (thin tubes), the CCD (gray) and its contacting NTD (lavender) are attached to different protein chains and L1 (light blue) extends through solvent (as shown in (A)) so that the NTD and CCD in the same protein chain do not contact each other. A second HIV NTD-CCD structure 15 (PDB ID 1K6Y, not shown) has no density for L1 and the NTD was assigned to a very different position than in 3F9K. Subsequent analysis 5 revealed that the crystal lattice includes an NTD that matches the NTD position in 3F9K. (C) Differences in the CTD position among integrases. Superposition of the CCDs (gray, shown for PFV-IN only) shows the dramatic variation in L2 conformation and CTD position among PFV-IN (orange and red), HIV-IN (light green and green, PDB code 1EX4), 17 and ASV-IN (pink and magenta, PDB code 1C0M). 18 Further variation is found in the second subunit of the HIV-IN and ASV-IN CCD-CTD structures, and in SIV-IN, 33 which has a helical L2 of the same length as HIV-IN.
CCD is observed for the two outer subunits of the PFV-IN tetramer. The long linker regions of PFV-IN could be influenced by crystal packing, altering the arrangement of the domains. Crystal packing may also influence the angle between the two vDNA molecules. This angle is about 90 £ in the crystal, but is larger in solution according to small angle X-ray scattering (SAXS). 34 An angle greater than 90 £ is also supported by atomic force microscopy on the HIV-IN/vDNA complex. 30 It has been proposed that the L2 of HIV-IN can span this distance by adopting a fully extended conformation, 37 but L2 has a helical conformation in the structures of the HIV CCD-CTD 17 and the closely related simian immunodeficiency virus (SIV) CCD-CTD. 33 No conformation of the short 8-residue ASV-IN L2 can span this distance. 19 Therefore, if all three retroviral integrases share a similar role and position for the CTD in the vDNA-bound assembly, it cannot be that observed in the PFV-IN structures.
To attempt to resolve the apparent contradictions between the PFV-IN structures and structural and experimental data on HIV-IN, we applied computational docking to PFV-IN and HIV-IN.
Our goal was to identify interactions that are shared by PFV-IN and HIV-IN. We expected that 5 docking would reproduce the interactions among the components of the PFV-IN assembly, since each component has undergone the induced shape fit needed for formation of the complex. Instead, we found a new position for the PFV CTD in the presence of bound vDNA that is consistent with the length and conformation of the HIV-IN L2 linker region. We propose that the CTD forms a dimer between the two vDNA-bound active sites that is the main determinant of their spacing.
Each CTD inserts an arginine-rich loop into the space between the two active sites, a region that is unoccupied in the PFV-IN structures. These loops alleviate the large negative charge created by the two vDNA ends and facilitate the binding of host DNA needed for strand transfer.
Results
We investigated interactions within the PFV-IN and HIV-IN assemblies using the macromolecular docking program DOT. [38] [39] [40] [41] DOT performs a global, systematic search between two molecules by translating and rotating one component (the moving molecule) around a second component or complex (the stationary molecule), resulting in 100-900 billion configurations. Each configuration is ranked by the sum of intermolecular electrostatic and van der Waals energies. A key advantage of DOT for studying protein-DNA complexes is the calculation of the electrostatic potential of the stationary molecule by Poisson-Boltzmann methods, which take into account dielectric, solvation, and ionic strength effects. The resulting DOT electrostatic term provides a good estimate of the electrostatic energy of the highly polar protein-DNA interaction. 40 Two inner subunit protein chains of PFV-IN, which provide all of the observed vDNA and host DNA contacts, and the two bound vDNA molecules were generated from PDB ID 3OY9. 30 The individual PFV-IN domains were extracted from these coordinates. Linker regions were not included because of their high variability in both length and sequence among integrases from different retroviruses. Although each domain has undergone the induced fit needed for complex 6 formation, a single domain may not have a sufficiently complete interaction surface to give a correctly docked complex. 41 As more components are added to complete the binding surfaces, the fit of the docked complex to the crystallographic structure should improve. We first searched for distinct DNA-binding sites on the individual PFV-IN domains, and then built larger assemblies based on the most well-defined interactions.
Calculations were then extended HIV-IN, focusing on the interaction of the HIV NTD and CCD (taken from PDB ID 3F9K) with vDNA. We first remodeled the active-site region of the HIV CCD based on the PFV CCD to account for structural changes induced by vDNA binding. After examining the interaction of the HIV NTD and CCD with vDNA, we then evaluated the L1 linker in 3F9K, which is the only HIV-IN structure that shows density for L1.
In all dockings, we retained the 2,000 top-ranked placements of the moving molecule. The 30 top-ranked placements were analyzed in detail for clustering and contacts with the stationary molecule. Distinctive clusters among the top 30 complexes were also observed in the top 2,000, with 150 or more placements within each cluster. For DNA dockings, we also examined the distribution of the molecular centers of the top 2,000 placements, which we have found typically traces out the axis of the bound DNA.
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Docking DNA to the individual PFV-IN domains
We investigated DNA binding to the three individual PFV-IN domains. Selection of the coordinates for the NTD, CCD, and CTD were based on previous sequence and structure alignment, 30 except that 8 residues of linker L2 were added to the C-terminus of the CCD and 11 residues of linker L2 were added to the N-terminus of the CTD (see Methods). For the vDNA dockings, we used the active-site fragment (vDNA-9) consisting of 7 nucleotides at the 3 were inserted into the DNA major groove.
In the PFV-IN structure, the CTD has two contacts with vDNA, one with the double-stranded region of one vDNA molecule and one with the 2-nucleotide overhang of the uncleaved strand of the second vDNA molecule. 30 In addition, CTD residues Arg 329 and Arg 362 contact host DNA. 31 Computational docking of vDNA-9 and B-DNA did not find a distinct DNA orientation nor distinguish any of these contacts (Table 1, 
Multi-component PFV-IN dockings
The combination of a CCD from one inner subunit, the contacting NTD from the other inner subunit, and a bound vDNA molecule creates a compact structure. To probe this 3-component interaction, we started with the complex of the CCD with vDNA, the interaction that was reliably reproduced by computational docking. The CCD was combined with full-length vDNA (17-bp plus the 2-nucleotide overhang of the uncleaved strand) to make the CCD+vDNA complex. Docking the NTD to this complex identified the NTD crystallographic position, with 24 hits among the 30 top-ranked configurations (Table 1, Thus, in complex with the CCD, the crystallographic vDNA-binding mode of the NTD was clearly identified.
In contrast to the results for the NTD, docking the CTD to CCD+vDNA (Table 1, 
Dockings involving the PFV-IN catalytic core
In the PFV-IN structure, each CTD molecule contacts two CCDs, two vDNA molecules, and one NTD ( Figure 1A ), suggesting that a larger assembly would be needed to define the CTD-binding site. We started with the dimeric catalytic core, (CCD+vDNA)¦ , which contains the CCDs from the two inner subunits and their two bound, full-length vDNA molecules. The two CCD+vDNA subunits do not contact each other; we used the relative positions found in the crystallographic struc-ture. Docking the CTD to (CCD+vDNA)¦ found no CTD placements near the two crystallographic positions ( Table 1, We analyzed the previous dockings of the CTD to CCD+vDNA and NTD+CCD+vDNA for matches to the symmetry-related docked positions, but found none (Table 1 , runs 6D and 7D).
Thus, both vDNA molecules are required to create the CTD-binding site.
In the PFV-IN crystallographic structure, each CTD has a small contact with the NTD of the same protein chain. 30 To test the importance of this interaction, the CTD was docked to (NTD+CCD+vDNA)¦ , in which the two NTDs were added to the catalytic core. More than one quarter of the 2,000 top-ranked CTD placements matched the symmetry-related docked position (Table 1 , run 9D). Only a few poorly ranked placements matched the crystallographic CTD (Table 1, run 9).
In contrast to the CTD, docking the NTD to the dimeric catalytic core identified the two crystallographic positions, with 27 hits in the top 30 (Table 1 , run 10). The other 3 placements lay near the catalytic sites, overlapping the region in which the CTD had docked. When the two crystallographic CTDs were added to the catalytic core, all top 30 NTD placements matched the crystal (Table 1 , run 11). The CTDs might improve docking by increasing the NTD-binding surface or by partially blocking the active-site region. To distinguish these two possibilities, the two symmetryrelated, docked positions of the CTD (ranks 2 and 12) were added to the catalytic core to make (CCD+CTDdock+vDNA)¦ . Neither CTD contacts the crystallographic NTD position. Docking the NTD to this construct provided the best results; all 30 top-ranked NTD placements and over 18% of the top 2,000 matched the crystal (Table 1 , run 12). Thus, the CTD improves NTD docking by blocking the active-site region rather than by providing additional NTD contacts.
Rebuilding CTD loop 325-340
We explored alternate conformations for loop residues 326-337, which overlap in the two symmetry- An alternate conformation and connectivity is observed for L1 in the structure of the HIV-2 IN NTD-CCD bound to LEDGF (PDB ID 3F9K). 16 In 3F9K, the NTD is connected to its contacting CCD, with L1 lying on the CCD surface ( Figure 1B) . We examined the compatibility of this L1 position with vDNA binding.
HIV-IN docking
We first made models of the HIV CCD and vDNA based on 3F9K that included aspects of the PFV-IN structure induced by complex formation. The vDNA model took its structure from the PFV-IN complex, but with the nucleotide sequence adjusted to bind HIV-IN. 43 To make the HIV CCD model, the PFV CCD active-site loop (residues 209-219) was grafted into the HIV To test the quality of these models, the vDNA-9 model was docked to the HIV CCD model. 
Discussion
Computational docking with DOT has proved particularly effective for defining the DNA-binding surface of a protein in the absence of a crystallographic structure of the complex. 42 DOT has been applied to protein-DNA interactions of DNA-repair enzymes, [44] [45] [46] [47] transcription factors, 40 the nucleosome, 48 and the CCD of HIV-IN. 21 Large, favorably ranked clusters from the dockings successfully identify active sites, 21, 47 map out large DNA-binding regions, 40, 47 and reveal multiple points of DNA contact with a protein. 48 Key for predicting protein-DNA interactions is the DOT electrostatic energy term, which gives a good representation 40 of the distinctive electrostatic properties that DNA-binding proteins need to pull the highly charged DNA substrate out of solution. and CCD from the same inner subunit, contradicting the finding that the HIV NTD functions in trans with the CCD. 52, 53 We propose a third possibility: L1 connects the CCD of an inner subunit to the NTD of the outer subunit belonging to the same CCD dimer. The L1 would span a shorter distance than in the PFV-IN structure (Table 3 ) and no longer clash with the docked CTD.
We show the proposed CTD and L1 and L2 linker positions in a model of the vDNA-bound HIV-IN dimer ( Figure 6 ). The HIV CCD and CTD were superposed onto the PFV CCD and the docked CTD. The HIV L2 helix was inserted so that the three L2 lysine side chains extend toward the vDNA, as suggested by Stroud et al. 17 In the model shown in Figure 6 , the CCD, L2, and CTD of one inner subunit wrap around the vDNA. The L2 and CTD could also be contributed by the outer subunit of the dimer, because the C-terminal residues of the CCDs making up the dimer are just 5.5Å apart (arrow in Figure 6B ). This is consistent with studies on combinations of HIV Why doesn't the predicted CTD dimer occur in the crystal if it is the biological interaction?
In the PFV-IN crystal, the CTD does not contact other tetramers, so it is not directly influenced by crystal packing. However, the CTD position may be indirectly affected by the vDNA, which 1K6Y with the CCD-CTD from 1EX4 proposed a variety of NTD and CTD contacts, but provided no specific structural mechanism for the spacing of the two active sites. 23, [26] [27] [28] Other models 25, 29 proposed contacts between the two CCD dimers, resulting in more compact protein tetramers.
The 17 and NMR. 58, 59 Further, our proposed model identifies the role of the CTD dimer to be the central determinant of the geometry of the two active sites.
Conclusions
Given the diverse sequences and structures among retroviral integrases, it is unclear if properties This study demonstrates that rigid-body, systematic search macromolecular docking is an effective tool for evaluating crystallographic structures of complex assemblies. For integrase, computational docking combined with structural analysis have provided a model that resolves apparent contradictions between biochemical and structural data. Our approach may be especially useful for systems containing protein-DNA interactions or multi-domain chains with long, flexible linkers that can be influenced by crystal packing.
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Methods
Preparation of coordinates for the docking calculations
The PFV IN coordinates were taken from the crystallographic structure of PFV IN with bound viral DNA (PDB code 3OY9), 30 which contains the NTD, L1, CCD, L2, and CTD of an inner subunit (chain A), the CCD of the contacting outer subunit (chain B) that forms a CCD-CCD dimer with chain A, and the bound vDNA fragment. We generated the biological tetramer by symmetry operations and extracted the two inner subunits (chain A and symmetry-related chain A ¢ ) and the two bound vDNA molecules.
The PFV NTD, CCD, and CTD (Table 4) Longer fragments give energetically similar placements shifted along the DNA axis, obscuring the correctly docked position. Therefore, when vDNA was the moving molecule, we used a truncated active-site vDNA fragment, vDNA-9, which contained the first 9 nucleotides of the uncleaved strand and the last 7 nucleotides of the cleaved strand (Table 4) . This fragment includes all of the contacts with the CCD and the CTD. A linear 10-bp B-DNA fragment with the vDNA sequence, including the two cleaved nucleotides, was built with the Nucleic Acid Builder (NAB) program 60 and docked to the individual PFV-IN domains. We also docked a second B-form DNA fragment with a completely different sequence (results not reported), which gave the same distribution of the top 30 and top 2,000 placements, showing that the B-DNA dockings were not dependent on the DNA sequence.
Multiple component constructs were created by combining individual components. These large assemblies were assigned as the stationary molecule for computational efficiency in the dock-28 ing calculation. 41 Full-length vDNA, which extends about 2-bp beyond protein contacts in the crystal, was used in these constructs to ensure a good electrostatic model near the blunt end. In (CCD+CTDdock+vDNA)¦ , a symmetry-related pair of CTDs found by computation docking were added to the catalytic core.
HIV-IN coordinates were taken from the crystallographic structure of the NTD-CCD construct bound to lens epithelium-derived growth factor (PDB code 3F9K). 61 We selected chain A, which includes coordinates for linker L1. Coordinates of the NTD, L1, and CCD of HIV-IN were selected based on Hare et al., 30 except L2 residues 202-207 were included with the CCD (Table 4) . Docking calculations used a cubic grid with 1Å grid spacing ranging from 128 to 256Å on a side. The dimensions of the grid were determined by the sizes of the molecules to ensure that the moving molecule fit within the grid when it was close to the stationary molecule. 41 The moving molecule was centered at each grid point in 54,000 orientations (a 6.0 £ rotational spacing). A grid size of 128Å gave about 108 billion placements of the moving molecule about the stationary molecule.
The DOT calculation
The 2000 placements with the most favorable interaction energies were kept for each docking.
The interaction energy is the sum of the electrostatic and van der Waals intermolecular energy terms. The van der Waals term is a count of the number of atoms of the moving molecule that overlap a 3Å thick favorable layer around the excluded volume of the of the stationary molecule, with each atom contributing -0.1 kcal/mol to the van der Waals energy. 41 If a moving molecule atom overlapped the excluded volume of the stationary molecule, the configuration was eliminated.
The electrostatic energy is calculated as the set of atomic point charges of the moving molecule placed in the electrostatic potential of the stationary molecule. 38 The electrostatic potential was calculated with the program APBS, 66 using a dielectric of 3 for the protein, a dielectric of 80 for the surrounding environment, an ion exclusion radius of 1.4Å, and an ionic strength of 150 mM.
The resulting electrostatic potential was clamped to make the electrostatic energy term compatible with the soft van der Waals energy term by modulating the potential near the protein surface.
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Analysis of Docking Results
The 2,000 top-ranked placements were analyzed by calculating the root-mean-square deviation 
Rebuilding CTD loop 324 to 339
PFV CTD loop residues 324 to 339 were rebuilt to follow the conformation of the corresponding HIV CTD loop (residues 226-237). The C¤ atoms of HIV CTD residues 225-227 and 236-238
were superposed onto the C¤ atoms of PFV CTD residues 323-325 and 338-340 of a symmetryrelated pair of docked CTDs (ranks 4 and 15 from run 8, Table 1 ). HIV CTD residues 226-237
were then transplanted into the PFV CTDs. The resulting loop is four residues shorter than the PFV CTD loop. Visual inspection indicated that an insertion between residues 327 and 334 (sequence VARPASLR) was most likely to give a loop fitting between the active sites. In our grafted model, the distance between the C¤ atoms of residues 327 and 334 was 5.7Å. We searched the BriX database 67 for 8-residue loops with a distance of 5.6 to 5.8Å between the initial and final C¤ atoms and with proline in the 4th position. PDB 2GHS residues A128-A135 (sequence RMHPSGAL)
were transplanted by superposition of the main-chain atoms of A128 and A135 onto PFV CTD atoms 327 and 334. The residue sequence was corrected and the side chains of residues Arg 326, 329, 334 and 336, Lys 339, and Leu 333 were adjusted to relieve steric clashes with the vDNA.
Modeling HIV-IN
To build the model of the HIV-IN dimer with bound vDNA, we started with the HIV CCD model that had been fit to the PFV CCD. HIV CTD residues 224-226 ( 1), 235-239 ( 2), 248-252 ( 3), and 257-262 ( 4) from chain A of PDB structure 1EX4 were then superposed onto the C¤ atoms of the corresponding residues of the docked PFV CTD (rank 4 from Table 1 , run 8). The L2
(residues A202 to A222) from 1EX4 was inserted between CCD residue 201 and CTD residue 223
and side-chain geometries were adjusted to avoid clashes. L1 (residues 47 to 58) was built as a C¤ trace between the last residue of the NTD from the inner subunit (residue A46) and the first residue of the CCD from the outer subunit (residue B59). A copy of the NTD-CCD with the rebuilt L1
was superposed onto the CCD of the inner subunit to complete the dimer shown in Figure 6B .
